In this study, performance of thin film Pt catalysts with metal loadings in the range of 1-200 g/cm 2 prepared by magnetron sputtering was investigated for both anode and cathode sides of a proton exchange membrane fuel cell (PEMFC) in H2/O2 and H2/air modes. Standard microporous layers comprising carbon nanoparticles and Teflon PTFE and FEP supported gas diffusion layer, as well as their modifications by magnetron deposition of carbon in N2 atmosphere (leading to CNx) followed by plasma etching were used as substrates for Pt deposition. The CNx structure exhibits higher resistance to electrochemical etching as compared to pure C as was determined by mass spectrometry analysis of PEMFC exhaust at different cell potentials for both sides of PEMFC. The platinum utilization in PEMFC with magnetron sputtered thin-film Pt electrodes is up to 2 orders of magnitude higher than with the current state-of-the-art Pt/C catalysts while keeping the similar power efficiency.
Introduction
The high costs of the noble metal catalyst bring one of the key challenges for the fuel cell technology. It is widely accepted that in a typical fuel cell only 25-35% of the total present Pt is active (1) . At the same time, one of the major factors limiting proton exchange membrane fuel cell (PEMFC) commercialization is the amount of catalysts in the electrodes which amount for about 30-40% of the total cost of the fuel cell (2) . Recently a number of authors has announced improved utilization of Pt leading to up to 30-50 kW gPt -1 of specific generated power but a reliable long term performance of PEMFC remains, to a large extent, within a domain of catalysts with high noble metal loading, hence with low Pt utilization (3) (4) (5) (6) (7) . Despite the development of noble metal free electrodes the Pt-based catalysts are still the most efficient known materials for PEMFC in terms of capability to deliver high power densities (8) (9) . From another side negligible but highly dispersed noble metal particles may reach the standard PEMFC application and can be called almost noble free metal structures (10) (11) .
In PEMFC the kinetic of hydrogen oxidation reaction (HOR) is much faster compared to oxygen reduction reaction (ORR) and it has already been reported that for HOR the Pt loading can be extremely reduced to less than 0.05 mg cm -2 (12) (13) . The potential for improvement is in further optimization of metal dispersion and morphology of the catalysts. In this work, we present experimental results of our effort to optimize Pt content in thin film catalytic layers (prepared by magnetron sputtering deposition method) as well as their morphology for use on both sides of PEMFC.
Experimental

Magnetron Sputtering
The platinum films have been prepared via DC magnetron sputtering of a platinum target (Goodfellow, 2 inch diameter, 5 mm thickness) on different substrates. The process gas was pure argon (1 Pa) and the DC discharge power 10 W.
Mass-Spectrometry
For the corrosion test we used the quadruple mass spectrometer (QMS) Pfeiffer Prisma 200 with a precise dosing valve.
SEM
For the morphological investigation a scanning electron microscope MIRA3 from Tescan was used. The measurements were carried out in secondary electron (SE) and back-scattered electron (BSE) modes using primary electrons with 30 keV energy.
Fuel Cell Test
For the PEMFC operation tetst we used semi-automated stations LeanCat FCS-4M-100W with active area of the cell 4 cm 2 .
Results and Discussion
Electrochemical reactions in catalytic layer (CL) of PEMFC are very complex processes depending on the chemical and geometrical environment of the FC. They depend on catalyst porosity, working conditions, water management etc. Numerous works on CL optimization, such as catalyst loading, ionomer content, reactant diffusivity and ionic and electrical conductivity, have been reported (14) . A more simple structure of CL can be prepared by physical deposition method in vacuum directly onto gas diffusion media which does not incorporate ionomer compound. In our study we use magnetron sputtering as a preparation technique for very low Pt loadings (from 1 g Pt). This method allows deposition of thin films with variable metal content on virtually any substrate material of choice and ensures relatively simple and well-defined catalyst preparation.
In order to study the morphology effect of the thin film Pt electrodes we utilized four different substrates. Two of them were prepared by covering a standard GDL (gas diffusion layer) with microporous layer with a hydrophobic compound PTFE (mp1, Fig.  1a ) and FEP (mpl2, Fig. 1b ), respectively. In order to increase the active surface area the second pair of substrates was modified by carbon etching via reactive sputtering of cerium oxide layer on a previously deposited CNx interlayer. Such treatment of mpl1 and mpl2 type of substrates resulted in layers denoted as mpl1w (Fig. 1c) and mpl2w (Fig.  1d) , respectively. Catalysts supported on all the above substrates with various Pt loadings were tested as PEMFC anode and compared with the standard state-of-the-art commercial Pt/C reference anode with respect to their efficiency for hydrogen oxidation reaction (Fig. 2) . In all cases Nafion 212 was used as a membrane forming a basis for the membrane electrode assembly (MEA) of the fuel cell. Great performance up to 1.3 W cm -2 in pure H2 and O2 was achieved for anodes containing Pt loading of 2-10 g cm -2 on the CNx/FEP substrate. It even exceeds the performance of a standard commercial Pt/C anodes with platinum loadings 200-400 µg cm -2 in the same type of cell.
The identical set of experiments with various substrates and Pt loadings was also performed for oxygen reduction reaction (ORR) with our magnetron sputtered catalyst as cathode and the commercial Pt/C reference as anode. The maximum power output up to 0.54 W cm -2 in pure H2 and O2 was measured for cathodes with Pt loadings in the range of 20-100 g cm -2 . Regardless of the type of substrate used the Pt amount of 100 g cm -2 was found as the limit value for the magnetron sputtered thin film, further increase of Pt content leads to absolute efficiency decrease of PEMFC. When PEMFC is switched from H2/O2 to the H2/air operation, the output power decreases 2.0 to 2.2-times when reference Pt/C powder electrodes are used and 2.8 to 3.0-times with thin film Pt cathode. The basis of the main difference of the deposited catalytic layers in comparison to the reference electrodes with respect to fuel cell application is depicted in Fig. 3 . The advantage of the magnetron sputtering deposition is the absence of the hydrophilic ionomer compound. Lower hydrophilicity facilitates the water diffusion through the material of the electrodes and thus places less demands on humidification of the inlet gases (H2, O2). The power efficiency of PEMFC can be also improved through membrane thickness reduction, as is shown in Fig. 4 (left) for the setup with standard Pt/C electrodes and various Nafion membranes in the thickness between 28-127 m. Neverthless, as presented in Fig. 4 (right) , even on the thinnest membrane the fuel cell with the thin film Pt/CNx/FEP anode containing only 10 µgPt cm -2 is capable of generating nearly equal power density of 1.4-1.5 W cm -2 . During the operation of the PEMFCs with Pt thin films supported on mp1 and mp2 we detected significant irreversible decrease of cell efficiency in a contrast to steadily working cells with Pt supported on substrates with CNx interlayer. We employed on-line mass spectrometry technique described by Johanek at al. in parallel to the measurement of electrical quantities (15) . Both the evolution of carbon dioxide and temporal decay of current density generated by PEMFC were converted to the etch rate of carbon originating from the catalytic layer, yielding very similar values. As can be seen in Fig. 5 , on both sides of FC (anode and cathode) nitridized carbon (CNx) provides higher stability against electrochemical carbon etching as compared to amorphous carbon (a-C). A PEMFCs built on a combination of standard Pt/C electrode and thin film Pt on CNx/FEP were also subjected to a long-term (450-hour) durability tests under heavy duty operation simulated by pulsed regime of 30 min open voltage and 30 min under 400 mA cm -2 load (see Fig. 6 ), as well as in the regime of stable 400 mA cm -2 load. The tests were performed for both anode and cathode sides of the PEMFC with Pt loadings of 2 g cm -2 and 10 g cm -2 , respectively. The result for the magnetron sputtered Pt anode is presented in Fig. 6 . In both cases the thin film catalyst proved to be very stable. 
Conclusions
Using magnetron sputtered Pt catalyst in hydrogen-fueled PEMFC brings a great advantage of noble metal utilization (1-2 orders of magnitude improvement) while retaining its power capability. Highly dispered platinum on microporous FEP substrate covered with CNx interlayer can provide stable output at high current densities (fully comparable if not exceeding the current state-of-the-art systems) with extremely low free Pt content of 2-10 µgPt cm -2 on anode and 20-100 µgPt cm -2 on cathode (which can be further reduced by co-sputtering of Pt and C). Magnetron sputtering proves to be a precise, clean, and well-tunable method for the preparation of highly efficient ionomerfree PEMFC Pt catalysts.
